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In the Absence of IL-12, CD4 T Cell Responses to
Intracellular Pathogens Fail to Default to a Th2
Pattern and Are Host Protective in an IL-10/ Setting
quirement for IL-4 receptor signaling in the highly polar-
ized Th2 responses induced by worm infections. We
and others have shown that significant numbers of Th2
cells develop in helminth-infected IL-4R- or Stat6-defi-
cient mice simultaneously with an expanded population
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of Th1 cells generated as a result of the absence ofInfectious Diseases
crossregulation (Jankovic et al., 1999, 2000; FinkelmanNational Institutes of Health
et al., 2000). These findings, as well as other observa-Bethesda, Maryland 20892
tions demonstrating IL-4-independent Th2 development
(Ouyang et al., 2000; Noben-Trauth et al., 2000), raise
the possibility that while IL-4 is important in suppressingSummary
Th1 responses, Th2 effector choice may be determined
by properties of the pathogen distinct from their abilityIL-12-deficient mice exposed to nonlethal infections
to induce this cytokine.with intracellular pathogens or repeatedly immunized
Since IL-12 plays a dominant role in Th1 development,with a pathogen extract developed lowered but never-
perhaps the simplest model for explaining Th2 effectortheless substantial numbers of IFN- CD4 T cells
choice would be one in which CD4 responses default tocompared to those observed in wild-type animals.
Th2 in the absence of IL-12 induction. Indeed, consistentMoreover, the CD4 responses in these knockout ani-
with this hypothesis, IL-12 is conspicuously absent inmals failed to default to a Th2 pattern. The protective
the host cytokine response to helminth infection andefficacy of the Th1 cells developing in an IL-12-defi-
allergens. If the presence or absence of IL-12 is in factcient setting was found to be limited by IL-10 since
the key determinant of Th1/Th2 differentiation, then onemice doubly deficient in IL-10 and IL-12 survived, while
would predict that in IL-12-deficient hosts intracellularanimals deficient in IL-12 alone succumbed to patho-
pathogens that typically induce Th1 responses shouldgen challenge. In contrast to IL-12 knockout mice,
readily revert to a Th2 pattern. As noted above, this isMyD88-deficient animals exposed to a Th1 microbial
the outcome observed in IL-12-deficient mice infectedstimulus developed a pure Th2 response, arguing that
with L. major. Nevertheless, L. major may not be thethis signaling element plays a more critical function
most appropriate pathogen for testing the IL-12 defaultthan IL-12 in determining pathogen-induced CD4 po-
hypothesis since it has the unusual property of inducinglarization.
an early IL-4 response in mice (Morris et al., 1992; Som-
mer et al., 1998; Belkaid et al., 2000). On the other hand,Introduction
the use of other intracellular infectious agents for this
purpose is complicated by the fact that many are lethalThe existence of Th1/Th2 subsets expressing polarized
in the absence of IL-12.cytokine patterns has provided an important concept
In the present study, we have readdressed the rolefor understanding the distinct effector responses that
of IL-12 signaling in the regulation of Th1/Th2 effectorcontrol host resistance to different pathogens. Much of
choice in response to intracellular pathogens usingthe support for this paradigm has been derived from
models of attenuated infection in which the problem ofstudies in mice infected with protozoan parasite Leish-
host mortality is bypassed. The primary microbial agentmania major. In the leishmania murine model, Th1 devel-
we employed was Toxoplasma gondii, a protozoan para-
opment and resistance to infection require IL-12 (Sypek
site that triggers a potent IL-12-dependent IFN- re-
et al., 1993; Heinzel et al., 1995) and Stat4 (Stamm et
sponse required for host resistance (Yap and Sher,
al., 1999), while susceptibility is typically IL-4 (Chatelain 1999). To stimulate the development of T. gondii-spe-
et al., 1992; Launois et al., 1995) and Stat6 (Stamm et cific CD4 T cells, we inoculated mice repeatedly with
al., 1998) -dependent. Moreover, anti-IL-4 treatment of radiation-attenuated tachyzoites or a soluble tachyzoite
L. major-infected susceptible BALB/c mice results in the extract (STAg). The same analysis was performed on
emergence of a dominant Th1 cell population (Heinzel et mice infected with Mycobacterium avium using a bacte-
al., 1991; Chatelain et al., 1992), while resistant C57BL/6 rial strain that is nonlethal in IL-12-deficient mice (Doh-
mice deficient in IL-12 develop Th2 responses (Mattner erty and Sher, 1997). Our results with all three microbial
et al., 1996, 1997). Although these crossregulatory ef- stimuli indicate that, although Th1-type cytokine pro-
fects of IL-12 and IL-4 on CD4 subset development and duction is diminished in the absence of IL-12, the patho-
host resistance have also been described in other host- gen-specific CD4 T cells that emerge nevertheless dis-
pathogen systems (Romani et al., 1994; Decken et al., play an IFN--dominated lymphokine profile and fail to
1998; Tarleton et al., 2000), there are many infectious default to a Th2 phenotype. Moreover, we demonstrate
disease models in which they are less apparent (Altare that the Th1 cells generated in IL-12-deficient mice can
et al., 1998; Wakeham et al.,1998; Urban et al., 1998; exhibit host-protective function when the downregula-
Brombacher et al., 1999; Cai et al., 2000a). tory cytokine IL-10 is also absent. Whereas residual Th1
One recently described complexity concerns the re- development and function were observed in the ab-
sence of IL-12, a complete default to a Th2 phenotype
was seen in MyD88-deficient mice primed with the same1Correspondence: djankovic@niaid.nih.gov
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marked reduction in in vitro IFN- responses was ob-
served. Importantly, no significant IL-4 production was
detected in the spleen cultures from these animals even
when repetitively stimulated in vivo with irradiated ta-
chyzoites or STAg (Figure 1). In the case of T. gondii
immunization, the same failure to default to a Th2 re-
sponse was observed with both BALB/c (Figure 1) and
C57BL/6 (see Figure 4) IL-12 knockout (KO) mice. Proba-
bly because of its inability to stimulate IL-12 production,
SEA-induced IL-4 and IFN- responses were unchanged
in the IL-12-deficient setting.
To confirm that the lack of a Th2 default in M. avium-
and T. gondii-exposed IL-12-deficient animals observed
in vitro accurately reflects the in vivo situation, we ana-
lyzed the isotype distribution of the anti-microbial Ab in
the same mice. After multiple injections with irradiated
tachyzoites, wild-type and IL-12 KO mice were found
to develop comparable STAg-specific total IgG Ab titers
and displayed only minor differences in levels of IgG1
versus IgG2a Ab isotypes (data not shown).
Figure 1. IFN- and IL-4 Responses of Spleen Cells from Wild-Type Th1 Cells Develop in High Frequency in Immunized
and IL-12-Deficient Mice Primed with Different Microbial Stimuli
IL-12-Deficient Mice Despite the Reduced IFN-
Wild-type (black bars) and IL-12 p40-deficient BALB/c mice (shaded Secretion Observedbars) were i.v. infected with M. avium, or i.p. injected seven times
The similar titers of STAg-specific IgG Ab in the seraat 3 day intervals with irradiated RH strain tachyzoites, STAg, or SEA.
of immunized wild-type and IL-12 KO mice suggestedTwo weeks following M. avium infection or the last administration of
tachyzoites, STAg, or SEA, spleen cells were pooled from the mice comparable levels of CD4 T cell priming. To confirm
(n 3–5) within each experimental group and stimulated in vitro with this hypothesis, Ag-driven proliferation assays were per-
the corresponding bacterial or parasitic extract for 72 hr. Culture formed on spleen cells from STAg-injected IL-12-suffi-
supernatants were then assayed for IFN- (upper panels) and IL-4
cient and -deficient animals. No difference was evident(lower panels) by ELISA. Results shown are meansSD of duplicate
in [3H]thymidine incorporation between the wild-typeELISA values. In the absence of in vitro Ag restimulation, cytokine
and KO cells over the entire dose range of STAg usedlevels were below the limit of detection. Similar results were obtained
in a repeat experiment with M. avium and SEA, and in five experi- for in vitro stimulation (data not shown). To directly as-
ments with T. gondii tachyzoites and STAg. sess the Th1/Th2 phenotype of the responding CD4 T
lymphocytes, intracellular cytokine staining was per-
formed on STAg-stimulated splenocyte cultures. As ex-
Th1 microbial stimulus. These findings support the con- pected, immunization of wild-type animals with STAg
cept that IL-12 is not required for pathogen-induced Th1 resulted in the induction of a high frequency (33%) of
polarization nor is its absence the key determinant of IFN--producing CD4 lymphocytes with no change in
Th2 differentiation. the background frequency (3%) of IL-4 cells (Figure
2A). Unexpectedly, when parallel cultures from IL-12-
deficient mice were analyzed, a similar pattern was ob-Results
served (21% IFN- and 6% IL-4 CD4 cells) (Figure
2A). STAg-stimulated cultures from naive wild-type andIn the Absence of IL-12, In Vivo Stimulation
by Intracellular Pathogens or Pathogen Extracts IL-12 KO animals displayed only low frequencies of IFN-
 CD4 cells, demonstrating that the observed re-Fails to Result in Th2 Responsiveness
The role of IL-12 in the in vivo induction of Th1 responses sponses are directly dependent on in vivo immunization
and do not represent an artifact due to the use of PMA/by intracellular pathogens was examined in mice in-
fected with either a nonlethal strain of M. avium or multi- ionomycin prior to intracellular staining.
Since STAg-stimulated CD4 splenocytes from immu-ply injected with radiation-attenuated T. gondii tachy-
zoites or with STAg to mimic chronic infection while nized wild-type mice clearly secrete more IFN- in vitro
than the equivalent populations of cells from IL-12-defi-avoiding host mortality. In all three models, spleen cells
from wild-type animals, when restimulated in vitro with cient animals, the above observations demonstrating
comparable responses at the single-cell level appearedthe corresponding microbial Ag, displayed a typical Th1-
polarized cytokine secretion profile characterized by to be contradictory. To investigate the basis for this
discrepancy, we examined the effect of neutralizationhigh levels of IFN- and no detectable IL-4 (Figure 1).
As a control, we injected in parallel an extract (SEA) of IL-12 on IFN- production during restimulation with
STAg in vitro. As shown in Figure 3, cells from immunizedfrom a helminth parasite, Schistosoma mansoni, that
normally induces a Th2 response and, as expected, this IL-12-deficient mice produced only 20% of the amounts
of IFN- detected in STAg-stimulated cultures from im-stimulus resulted in an IL-4-dominated response upon
in vitro antigenic recall. munized wild-type animals. Importantly, neutralization
with anti-IL-12 mAb reduced the wild-type expressionConsistent with previous studies, when the same Th1
stimuli were administered to IL-12-deficient mice, a of IFN- almost to the level measured in parallel cultures
Host-Protective Th1 Cells in the Absence of IL-12
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Figure 2. Single-Cell Analysis of IFN--, IL-4-, and IL-10-Producing CD4 Lymphocytes in STAg-Immunized Wild-Type and IL-12 KO Mice
Spleen cells from wild-type or IL-12 KO BALB/c mice that had been primed by repeated (7) injection with STAg and control populations
from naive animals were stimulated in vitro with STAg for 72 hr. Following an additional incubation for 18 hr in the absence of Ag, cells were
activated with PMA/ionomycin in the presence of Brefeldin A, and three-color staining for CD4, IL-4, and IFN- (A) or CD4, IL-10, and IFN-
(B) was performed. The FACS dot plots shown are gated on CD4 cells and are representative of  five experiments performed.
from IL-12-deficient mice. Moreover, as we previously that were comparable to those detected in S. mansoni-
induced Th2 responses (Table 1).noted (Yap et al., 2000), the addition of exogenous re-
combinant IL-12 to ex vivo purified CD4 cells from IL- The synthesis of substantial quantities of IL-10 by the
Th1 cells generated in mice after microbial stimulation12 KO mice in the presence of irradiated APC restored
the STAg-induced IFN- secretion to the levels pro- raised the possibility that the expression of this cytokine
prevents the generation of Th2 cells in vivo. To addressduced by wild-type CD4 lymphocytes (data not shown).
These observations suggest that the enhanced produc- the above hypothesis, mice doubly deficient in IL-12 and
IL-10 were subjected to the same STAg immunizationtion of IFN- detected in cultures from wild-type versus
IL-12-deficient animals is due to the effects of endoge- regimen. The absence of endogenous IL-10 failed to
result in the appearance of IL-4 CD4 cells as detectednous IL-12 during restimulation rather than to an in-
creased frequency of IFN- producing cells. by intracellular staining (Figure 4A). In the same experi-
ment, we used IFN- KO mice to address the possible
suppressive influence of endogenous IFN- productionA Significant Proportion of the Th1 Cells Generated
in Both Wild-Type and IL-12-Deficient Mice on Th2 development and observed only a small increase
in the numbers of IL-4 CD4 cells generated in re-Coexpress IL-10
While intracellular cytokine staining of the CD4 T cells sponse to STAg immunization. These STAg-primed IFN-
-deficient mice nevertheless developed large numbersin STAg-immunized mice failed to reveal the presence of
the Th2 cytokines IL-4 (Figure 2A) and IL-5 (not shown), a of CD4 cells expressing IL-10 (Figure 4A).
Although the combined absence of IL-10 and IL-12high proportion of the cells were found to express IL-
10. Thus, approximately 40% of the IFN--producing failed to result in increased numbers of Th2 cells in
mice primed with microbial stimuli, IL-12/IL-10 KO miceCD4 cells in cultures from immunized wild-type animals
also stained positively for IL-10, and the same frequency developed augmented frequencies of IFN- CD4 cells
relative to mice deficient in IL-12 alone (Figure 4A). How-of double-positive cells was observed in cultures from
IL-12-deficient donors (Figure 2B). Wild-type and IL-12- ever, when the same cell populations were compared for
the capacity to secrete IFN-, only marginal increases indeficient mice immunized with irradiated tachyzoites or
infected with M. avium also developed CD4 cells with the level of this cytokine were observed in the cultures
from the doubly deficient animals (Figure 4B). Since ad-the same IFN- IL-10 phenotype (data not shown),
and when restimulated in vitro with their respective Ag, dition of neutralizing anti-IL-10 mAb resulted in in-
creased secretion of IFN- in cultures from wild-typespleen cells from these animals produced levels of IL-10
Immunity
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IL-12, as well as single IL-12- and IFN--deficient mice,
were challenged with tachyzoites of the ts-4 strain of T.
gondii, and their survival was monitored. In agreement
with previous findings (Scharton-Kersten et al., 1996),
wild-type animals survived the infection, while IFN- KO
mice succumbed by day 12 after parasite inoculation
(Figure 5A). Importantly, while IL-12 KO animals were
also highly susceptible to ts-4 challenge, the double IL-
12/IL-10-deficient mice were completely resistant. The
protection displayed by the latter animals was shown
to be dependent on both IFN- (Figure 5B) and on CD4
cells (Figure 5C) as determined by mAb depletion experi-
ments. The failure of anti-CD4-treated wild-type mice to
succumb in the same setting is consistent with previous
findings (Scharton-Kersten et al., 1998) and is likely to
Figure 3. Neutralization of IL-12 In Vitro Abolishes the Difference in be explained by the presence in these animals of an
the Level of IFN- Secretion between Cultures from Wild-Type and
alternative source of early IFN- from NK cells thatIL-12 KO Mice Primed with Irradiated RH Tachyzoites
should be absent in anti-CD4-treated IL-12/IL-10 dou-Spleen cells from wild-type or IL-12 KO C57BL/6 mice that had been
ble-deficient mice.primed by repeated (3) inoculation with irradiated RH tachyzoites
Spleen cells from the surviving ts-4-infected wild-typeat 2 week intervals were stimulated in vitro with STAg alone or STAg
plus anti-IL-12 mAb. After 72 hr supernatants were collected and and IL-12/IL-10 KO animals were analyzed for STAg-
IFN- levels were determined by ELISA. Anti-CD4, but not anti-CD8, stimulated IFN- production in vitro (Figure 5D). In
mAb abolished the response induced by STAg alone in both wild- agreement with the data shown in Figure 4, the IFN-
type and IL-12-deficient mouse splenocyte cultures (not shown).
levels in cultures from doubly deficient mice were greatlyBars represent means  SD of duplicate ELISA values. Similar re-
reduced in comparison to the levels in parallel culturessults were obtained in a repeat experiment.
from wild-type animals, while the frequencies of IFN-
CD4 cells were similar (Figure 5D and data not shown).
but not IL-12 KO animals, the absence of IL-12 in the Nevertheless, purified CD4 cells from the same animals
doubly deficient animals is the probable explanation for produced comparable levels of IFN- in response to Ag
their failure to display markedly enhanced IFN- produc- plus IL-12-sufficient APC from T, B, and NK cell-deficient
tion in this setting (Figure 4B). c/RAG2 double KO mice (Figure 5E). The latter obser-
vation supports the findings presented in Figure 3, ar-
A Host-Protective Function for IL-12-Independent guing that a major role of IL-12 in microbial priming
Th1 Cells Is Revealed in the Absence of IL-10 is to enhance the production of IFN- by previously
To explore the functional significance of the IL-10 pro- committed Th1 precursors.
duced by Th1 cells, mice doubly deficient for IL-10 and
In the Absence of MyD88, Th1 Pathogen-Stimulated
CD4 Responses Default Fully to a Th2Table 1. IL-10 Responses of Spleen Cells from Wild-Type and
IL-12-Deficient Mice Primed with Different Microbial Stimuli Cytokine Pattern
Since our data indicated that IL-12 is not obligatoryAg-Induced IL-10
for Th1 polarization, we investigated additional signalsStimulus in Vivo Type of Mice Secretion (U/ml)
implicated in the innate response to intracellular patho-
M. avium
gens that might instead provide this function. One candi-Infection Wild-type 74.11  5.02
date we considered was the MyD88-dependent signal-IL-12 KO 77.34  3.73
T. gondii ing pathway involved in cellular triggering by Toll-like
Irradiated tachyzoites Wild-type 71.27  6.66 (TLR), as well as IL-1 and IL-18, receptors (Akira, 2001).
IL-12 KO 79.33  0.67 As shown in Figure 6A, MyD88-deficient mice developed
STAg priming Wild-type 59.34  3.27 normal Th2 cytokine response to repeated immunization
IL-12 KO 41.47  0.24
with SEA consistent with previous studies on these ani-S. mansoni
mals (Schnare et al., 2001). In contrast, cultures fromSEA priming Wild-type 90.62  0.14
IL-12 KO 60.66  0.41 the same mice immunized with STAg failed to develop
a detectable IFN- response and, more importantly,Two weeks following M. avium infection or the last administration
showed a dramatic default to a Th2 cytokine patternof T. gondii tachyzoites or STAg, or S. mansoni SEA, spleen cells
consisting of high levels of CD4-dependent IL-4, IL-5,from the mice described in Figure 1 were stimulated in vitro with
the corresponding bacterial or parastic extract for 72 hr, and culture IL-10, and IL-13 (Figure 6B).
supernatants were then assayed for the presence of IL-10. Results
shown are means  SD of duplicate ELISA values. In the absence Discussionof added Ag, IL-10 levels were below the limit of detection. Addition
of blocking anti-CD4 mAb in vitro completely abrogated the IL-10
The concept that IL-12 is the key determinant of Th1secretion, and ex vivo purified CD4 T cells, when cultured with
irradiated splenocytes from naive mice plus Ag, retained the capac- subset selection was based on the observation that ex-
ity to secrete IL-10 (data not shown). Similar results were obtained ogenous as well as endogenous IL-12 induced by micro-
in a repeat experiment with M. avium and SEA, and in five experi- bial stimulation strongly promotes the development of
ments with T. gondii tachyzoites and STAg.
committed IFN- IL-4 CD4 T cells in in vitro murine
Host-Protective Th1 Cells in the Absence of IL-12
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Figure 4. Single-Cell and Bulk Culture Analysis of Cytokine Secretion by CD4 T Lymphocytes from STAg-Primed Wild-Type, IL-12 KO, Double
IL-12/IL-10 KO, and IFN- KO Mice
(A) Spleen cells from wild-type, IL-12 KO, double IL-12/IL-10 KO, and IFN- KO C57BL/6 mice that had been primed by repeated (7) injections
with STAg were stimulated in vitro for 72 hr with STAg. Following an additional incubation for 64 hr in medium, three-color staining for CD4,
IL-4, and IFN- or CD4, IL-10, and IFN- was performed. The FACS dot plots shown are gated on CD4 cells.
(B) Secretion of IFN- by the same wild-type, IL-12 KO, and IL-12/IL-10 splenocytes used in (A) was measured by ELISA at 72 hr after STAg
stimulation. Neutralizing mAb to IL-12 or IL-10 were added in parallel cultures as indicated. The findings shown were confirmed in a repeat
experiment.
and human lymphoid cultures (Hsieh et al., 1993; Trin- emerging in such an IL-12-deficient environment are
capable of mediating host resistance to infection.chieri, 1995). Moreover, in several models of infection
either IL-12 neutralization or addition reverses the nor- The occurrence of residual IFN- production in patho-
gen-infected IL-12-deficient mice has been describedmal Th1/Th2 cytokine pattern characteristically induced
by the infecting pathogen (Sypek et al., 1993; Romani previously (Schijns et al., 1998; Brombacher et al., 1999;
Ely et al., 1999). The findings reported here formallyet al., 1994; Heinzel et al., 1995; Decken et al., 1998).
The critical importance of IL-12 in IFN--mediated host establish CD4 Th1 cells as the major source of IFN-
in this setting. More importantly, our data now rigorouslyresistance has been used as an additional argument for
the function of IL-12 as a key element in determining demonstrate the failure of CD4 T cells to default to
a Th2 phenotype in the absence of IL-12 even afterthe differentiation of host-protective Th1 cells. The data
reported in the present study challenge this concept by prolonged, repeated microbial stimulation (Figures 1, 2,
and 4). The latter conclusion is, however, at odds withdemonstrating, first, that Th1 effector choice induced
in response to intracellular pathogens can occur in the the observations of enhanced Th2 cytokine production
in IL-12-deficient mice infected with L. major (Mattnerabsence of IL-12 and, second, that the CD4 T cells
Immunity
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Figure 5. In Contrast to IL-12 KO Mice, IL-
12/IL-10 Double KO Animals Display IFN--
and CD4-Dependent Resistance to Infection
with T. gondii
(A) Survival of wild-type (closed squares), IL-
12/IL-10 double KO (open triangles), IL-12 KO
(open squares), and IFN- KO (open circles)
C57BL/6 mice (n  4–6) after i.p. infection
with ts-4 tachyzoites (105/mouse). The experi-
ment shown is representative of three per-
formed. In an additional long-term experi-
ment, no mortality was observed among IL-12/
IL-10 double KO and wild-type mice as late
as 120 days after primary infection or after
three successive inoculations with increasing
doses of ts-4 at 30 day intervals (not shown).
(B and C) Effects of in vivo depletion of IFN-
(B) or CD4 T cells (C) on the survival of ts-
4-infected wild-type (squares) and IL-12/IL-
10 double-deficient mice (triangles). Five ani-
mals per group were inoculated with ts-4
tachyzoites as described above and treated
with anti-IFN-, anti-CD4 mAb (broken line),
or control mAb (full line). In both experiments
untreated IL-12 KO mice (open squares) were
infected in parallel and monitored for survival.
(D and E) IFN- secretion by spleen cells (D)
and CD4 cells (E) from wild-type and IL-12/
IL-10 KO mice. Splenocytes from surviving
ts-4 infected wild-type (black bars) or IL-12/
IL-10 KO (shaded bars) mice were harvested
on day 38 (Experiment One) or day 32 (Experi-
ment Two) and stimulated in vitro with STAg.
In Experiment Two, FACS-purified CD4
cells from the corresponding spleens were stimulated with STAg and splenocytes from c/RAG2 double KO animals as APC. Supernatants
were collected after 72 hr, and IFN- levels were determined by ELISA. Bars represent means  SD of duplicate ELISA values. In the cultures
shown in (E), the level of APC-derived p40 IL-12 was 11.5  1.8 ng/ml.
et al., 1996, 1997). We speculate that this discrepancy scription factor T-bet (Szabo et al., 2000). In each of the
above reports, the IL-12-independent Th1 cells wereresults from either the unusual ability of this pathogen
to trigger an IL-4 burst (Morris et al., 1992; Sommer et generated under the conditions in which Stat6 signaling
or IL-4 was blocked. The findings reported here em-al., 1998; Belkaid et al., 2000) or its failure to strongly
activate dendritic cells (Marovich et al., 2000; Reiner ploying in vivo microbial stimulation demonstrate that
such cells can arise even in the presence of an intactand Locksley, 1995) early in infection. Moreover, it is
unclear from previously published data on in vitro CD4 IL-4/IL-4R pathway.
One possible explanation for the occurrence of IL-12-subset development of TCR transgenic T cells whether
Th2 represents the default pathway in the absence of independent Th1 development is that other cytokines
known to be associated with the Th1 response mightAPC-derived IL-12 since distinct Th1/Th2 cytokine pat-
terns are observed with different strains of mice under replace IL-12 as alternative mediators of CD4 polariza-
tion. For example, IL-18 is known to promote IFN- pro-such conditions (Seder et al., 1992, 1993; Hsieh et al.,
1995; Guler et al., 1996). The possibility that CD4 T cells duction in CD4 cells and has been considered a possi-
ble Th1-differentiation factor (Okamura et al., 1995).default to Th2 in vivo in the absence of IL-12 has been
suggested based on the experiments using keyhole lim- Nevertheless, studies in both T. gondii (Cai et al., 2000a,
2000b; Yap et al., 2001) and mycobacterial (Sugawarapet hemocyanin-pulsed CD8 dendritic cells from IL-
12-deficient mice to prime T lymphocytes after footpad et al., 1999; Cooper et al., 1997) experimental models
have failed to reveal a function for this cytokine in Th1injection (Maldonado-Lopez et al., 1999). Although the
latter findings are striking, it is not clear whether the development in the absence of endogenous IL-12.
Moreover, in certain circumstances IL-18 on its ownTh2 default observed represents a unique consequence
of the dendritic cell immunization protocol employed. actually may promote Th2 responses (Yoshimoto et al.,
2000; Xu et al., 2000). Another candidate cytokine medi-The in vivo data presented here strongly support and
extend the findings from previous in vitro studies de- ator of Th1 development is IL-23, a recently described
relative of IL-12 that shares the p40 subunit and canscribing the development of Th1 cells in the absence of
IL-12 signaling (Kaplan et al., 1998; Mullen et al., 2001). signal through Stat4 (Oppmann et al., 2000). Since the
IL-12-deficient mice used in this study carry an inacti-Of particular interest is the report by Mullen and col-
leagues who demonstrated the generation of IFN- vated p40 subunit, their residual Th1 responses cannot
be attributed to the function of IL-23.CD4 T cells in mitogen-stimulated lymphocyte cultures
from Stat4-deficient mice and correlated their develop- While IL-12-independent factors clearly play a signifi-
cant role in microbial-induced Th1 subset selection, itment with the expression of the recently described tran-
Host-Protective Th1 Cells in the Absence of IL-12
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Figure 6. Lymphokine Responses of Spleen
Cells from MyD88-Deficient Mice Primed with
SEA or STAg
MyD88 KO (A) and (B) and C57BL/6 (C) ani-
mals were i.p. injected six times at 3 day inter-
vals with SEA (A) or STAg (B) and (C). Two
weeks following the last Ag dose, spleen cells
were prepared from individual mice (n  3 in
[A] and n  5 in [B]) or pooled from two mice
(C) and restimulated with the corresponding
parasitic extract alone or in the presence of
blocking anti-CD4 or anti-CD8 mAb for 72 hr.
Culture supernatants were then assayed for
IFN-, IL-4, IL-5, IL-10, and IL-13. Results
shown are means  SD of ELISA values of
individual mice in (A) and (B) and means 
SD of duplicate ELISA values in (C). N.D., not
detectable.
is nevertheless clear from in vitro as well as some in must originate from non-T cells such as macrophages.
However, as our results clearly demonstrate, as manyvivo studies that IL-12 can by itself direct Th1 differentia-
tion to defined protein Ag (Hsieh et al., 1993; Macatonia as 40% of the IFN- CD4 cells that arise in pathogen-
stimulated wild-type as well as IL-12-deficient mice pro-et al., 1995; Maldonado-Lopez et al., 1999). We believe
that in this setting in which APC are likely to be minimally duce high levels of IL-10. The explanation for the induc-
tion of this atypical CD4 subset by T. gondii and a varietyactivated, IL-12 is acting primarily to crossregulate the
development of Th2 cells and, as proposed below, to of other pathogens (Svetic et al., 1993; Sarawar and
Doherty, 1994; Pohl-Koppe et al., 1998; Gerosa et al.,promote the IFN--producing competence of the Th1
cells that emerge. 1999) is unclear. One possibility is that this subpopula-
tion serves a T regulatory function similar to that de-In addition to demonstrating that pathogen-induced
Th1 lymphocytes can develop in an IL-12-deficient set- scribed for CD25 CD4 cells (Shevach 2001). An alter-
native hypothesis consistent with the data presentedting, we were able to reveal functional activity for these
cells in mediating IFN--dependent host resistance to here as well as previous studies (Gazzinelli et al., 1996;
Suzuki et al., 2000) is that such IL-10-producing cellsT. gondii infection (Figure 5). To do so, it was necessary
to eliminate endogenous IL-10 by the use of double IL- are generated to limit the detrimental effects of IFN-
and TNF produced as a consequence of the cellular12/IL-10-deficient mice. Since cultures from these ani-
mals produced low amounts of IFN-, still dramatically immune response to infecting pathogens.
Because the pathogen-stimulated mice studied herereduced from wild-type levels, this would argue that
the effect of IL-10 in this model is not to inhibit IFN- develop large numbers of IL-10 IFN- CD4 cells, it
could be argued that the IL-12 independence of Th1 cellproduction but instead to suppress IFN--mediated ef-
fector function. On the other hand, because of the in- development that we observe is a consequence of the
unusual phenotype of this population. This explanationcreased frequencies of IFN- CD4 cells observed in
double IL-12/IL-10 KO animals (Figure 4), at present we is extremely unlikely since, in addition to IL-10 IFN-
CD4 lymphocytes, single IFN--producing Th1 cellscannot rule out the former mechanism of IL-10 action.
Although IL-10 appears to block the effector function also emerged in high frequency in the IL-12-deficient
setting. Moreover, Th1 development was also observedof the Th1 cells that develop in the absence of IL-12,
we have not yet been able to define the in vivo source(s) in the absence of both IL-10 and IL-12 in double KO
mice.of the former cytokine in our pathogen-stimulated mice.
Because of the Th1-dominated cytokine profile induced While our findings demonstrate both the emergence
and effector function of Th1 cells generated in the ab-by intracellular pathogens, it is generally assumed that
the IL-10 observed during infection with these microbes sence of IL-12, they do not contradict the concept that
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this cytokine plays a major role in host defense against dition to inducing IL-12, this interaction triggers other as
intracellular pathogens. However, in contrast to previ- yet to be defined signals crucial for Th1 differentiation. In
ous studies, our data argue that the primary site of IL- the absence of pattern recognition function, these non-
12 function is not at the level of the initial Th1/Th2 deci- IL-12-dependent signals are ablated, and CD4 differenti-
sion, but instead at a later stage when the competence ation defaults to Th2. Thus, we propose that while the
of Th1 cells to secrete high levels of IFN- is determined. presence or absence of IL-12 does not determine Th1
In addition, as recently reported (Park et al., 2000; Stobie versus Th2 phenotype, a default-type model involving
et al., 2000; Yap et al., 2000), IL-12 also appears to play other Th1-inducing signals should be considered.
a major role in maintaining the capacity of established
Th1 lymphocyte populations to produce IFN- during
Experimental Procedures
chronic infection. These two phenotype-promoting ac-
tivities may indeed be unique to IL-12 and perhaps IL- Animals
23, which share the common p40 subunit and possess C57BL/6 and BALB/c mice were obtained from the Division of Can-
cer Treatment, National Cancer Institute (Frederick, MD). The follow-similar biological functions.
ing single gene knockout mice were provided by the National Insti-If indeed, as argued by the results of the present study,
tute of Allergy and Infectious Diseases (NIAID) Animal SupplyIL-12 signaling is not required for infection-induced Th1
Contract at Taconic Farms (Germantown, NY): IL-12/ (Magram etsubset selection, other factors triggered by the Th1
al., 1996; backcrossed for five generations onto either the C57BL/6
pathogen-host interaction must exist that can promote or BALB/c background); IFN- / (Dalton et al., 1993; backcrossed
the same outcome. Thus, the encounter of such mi- for seven generations onto the C57BL/6 background), IL-10/ (Ku¨hn
crobes or their products with APC can lead to the upreg- et al.,1993; backcrossed for ten generations onto the C57BL/10
background). Double IL-12/IL-10-deficient mice (Hoffmann et al.,ulation of MHC class II as well as costimulatory mole-
1999) were generated by crossing the single cytokine-deficient micecules (e.g., CD40) that together should result in TCR
described above and were bred at Taconic Farms. Double commonsignaling at the high strength level previously shown
cytokine receptor -chain (c)/RAG2 KO were obtained from the
to be associated with Th1 polarization (Constant and same source. MyD88/ (129/SvJxC57BL/6) mice (Adachi et al.,
Bottomly, 1997; Leitenberg and Bottomly, 1999). These 1998) were generously provided by Drs. S. Akira (Osaka University,
effects of microbial stimulation on APC are likely to oc- Japan) and D. Golenbock (University of Massachusetts, Worcester,
MA) and bred at the NIAID Animal Facility. Female mice, 8–12 weekscur independently of IL-12 signaling. For example, the
old, were employed in all experiments except those involving theredistribution of dendritic cells in spleen induced by in
MyD88 negative strain, in which males were also used.vivo STAg injection is unaltered in IL-12-deficient mice
and, when stimulated with STAg in vitro dendritic cells
from these animals, shows normal upregulation of CD40 Infectious Agents and Ag Preparations
as well as chemokine production (C. Reis e Sousa, J. M. avium strain 2-151-SmT (originally provided by Dr. A. Cooper,
Colorado State University, Fort Collins, CO) was cultured, and solu-Aliberti, D.J., and A.S., unpublished data).
ble Ag was prepared by repeated freezing/thawing of the bacteriaThe concept that signals induced in APC that are
as described previously (Doherty and Sher, 1997). Tachyzoites ofupstream and independent of IL-12 production are criti-
the virulent RH strain of T. gondii and its temperature sensitive
cal for microbial-induced effector choice is supported mutant, ts-4 (Pfefferkorn and Pfefferkorn, 1976), were harvested
by the data presented here demonstrating a complete from infected monolayers of human foreskin fibroblasts, and STAg
default to a Th2 cytokine pattern in STAg-primed was prepared as described (Grunvald et al., 1996). Schistosome
eggs were isolated from the livers of S. mansoni-infected mice, andMyD88-deficient mice. Recent observations (C. Scanga,
a soluble extract (SEA) was prepared using a standard procedureJ. Aliberti, D.J., F. Tiloy, R. Medzhitov, and A.S., unpub-
(Boros and Warren, 1970).lished data) indicate that MyD88 KO animals are highly
susceptible to T. gondii infection and that dendritic cells
from these mice show impaired responses to STAg in Infections and In Vivo Ag Priming
terms of both migration in vivo and synthesis of proin- Antimicrobial T cell responses were induced in mice by either live
infection or repeated immunization with soluble extracts preparedflammatory cytokines. Although the mechanism by
from the pathogens as described above. In the case of M. avium,which MyD88 controls APC activation and host resis-
which produces a nonlethal infection even in IL-12-deficient micetance is not yet clear, it is likely to involve the role of this
(Doherty and Sher, 1997), animals were inoculated i.v. with 107 CFUmolecule as an adaptor for TLR signaling. The alternative
from frozen bacterial stocks.
possibility, that MyD88 functions in this system by con- For T. gondii, mice were infected with attenuated live tachyzoites
trolling IL-18 signaling, is improbable based on observa- or injected with STAg. The infections consisted of either a single i.p.
tions indicating that IL-18 plays a role secondary to IL- dose (105) of ts-4 strain parasites or three to seven i.p. inoculations of
RH tachyzoites (5  105/dose) that had been irradiated (15 krad)12 in the development of resistance to T. gondii (Cai et
from a Cs137 source. The injections were administered every 3 daysal., 2000a, 2000b; Yap et al., 2001) and that T cell cyto-
in the case of the protocol involving seven inoculations and everykine secretion does not default to a Th2 pattern in IL-18-
14 days in the case of the protocol consisting of three inoculations.deficient mice infected with the parasite (O. Liesenfeld,
For sensitization with STAg, mice were repeatedly injected i.p. with
personal communication). the extract (20 	g/dose) six to seven times at the same 3 day inter-
A final point to be noted is that, consistent with the vals used for RH administration. Mice were injected with SEA (50
recent findings by Schnare et al. (2001), MyD88 KO mice, 	g/dose) following the same schedule.
while defective in T. gondii-stimulated Th1 responses,
develop unimpaired Th2 responses to a helminth-derived
In Vivo mAb Treatment
stimulus (SEA). Based on the above observations, we To evaluate the roles of CD4 T cells and IFN- in host resistance
speculate that microbial-induced Th1 polarization is de- to ts-4 infection, mice were injected i.p. with 1 mg of anti-CD4 mAb
termined during the initial encounter of pathogens with (GK1.5 [Dialynas et al., 1983]), anti-IFN- (XMG-6 [Abrams et al.,
1992]), or control mAb (GL113) on days 1, 0, 1, 3, 5, and 8.pattern recognition receptors (e.g., TLR) on APC. In ad-
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Cell Cultures and Cytokine Assays prolonged “silent” phase of parasite amplification in the skin before
the onset of lesion formation and immunity. J. Immunol. 165,Two weeks after either M. avium infection or the last injection with
irradiated RH tachzoites, STAg or SEA, single-cell suspensions (4 969–977.
106/ml) were prepared from pooled spleens from mice within each Boros, D.L., and Warren, K.S. (1970). Delayed hypersensitivity-type
experimental group as well as from unexposed naive animals (n  granuloma formation and dermal reaction induced and elicited by
2–5). In the case of MyD88 KO mice, suspensions were prepared a soluble factor isolated from Schistosoma mansoni eggs. J. Exp.
from individual animals. After stimulation in RPMI-1640 complete Med. 132, 488–507.
medium (Jankovic et al., 2000) for 72 hr with the appropriate micro-
Brombacher, F., Dorfmuller, A., Magram, J., Dai, W.J., Kohler, G.,bial Ag preparation (M. avium at 25 	g/ml, STAg at 5 	g/ml, and
Wunderlin, A., Palmer-Lehmann, K., Gately, M.K., and Alber, G.SEA at 20 	g/ml), supernatants were removed for cytokine assays.
(1999). IL-12 is dispensable for innate and adaptive immunity againstIn one experiment, CD4 lymphocytes from ts-4-infected mice were
low doses of Listeria monocytogenes. Int. Immunol. 11, 325–332.purified (98%) by sorting (FACStar, Beckton Dickinson, San Jose,
CA) spleen cells stained with PE-labeled anti-CD4 mAb (RM4-5; Cai, G., Radzanowski, T., Villegas, E.N., Kastelein, R., and Hunter,
C.A. (2000a). Identification of STAT4-dependent and independentPharMingen, La Jolla, CA) and then cultured (1.25 105/200 	l) with
splenocytes (1  106/200 	l) from c/RAG2 KO mice as APC and mechanisms of resistance to Toxoplasma gondii. J. Immunol. 165,
2619–2627.STAg (5 	g/ml).
Where indicated, 10 	g/ml neutralizing anti-IL-12 mAb (C17.8.2, Cai, G., Kastelein, R., and Hunter, C.A. (2000b). Interleukin-18 (IL-18)
rat IgG2a [Wysocka et al., 1995]), 10 	g/ml neutralizing anti-IL-10 enhances innate IL-12-mediated resistance to Toxoplasma gondii.
mAb (JES5-16E3, rat IgG2b [Abrams et al., 1992]), 20 	g/ml blocking Infect. Immun. 68, 6932–6938.
anti-CD4 mAb (GK1.5, rat IgG2b), or 20 	g/ml blocking anti-CD8 mAb
Chatelain, R., Varkila, K., and Coffman, R.L. (1992). IL-4 induces a(2.43, rat IgG2b [Sarmiento et al., 1980]) was added to the cultures.
Th2 response in Leishmania major-infected mice. J. Immunol. 148,IFN-, IL-5, and IL-10 were measured by ELISA (Scott et al., 1988;
1182–1187.Mosmann et al., 1990), while IL-4 and IL-13 were detected using
commercial ELISA kits from Endogen (Woburn, MA) and R&D Sys- Constant, S.L., and Bottomly, K. (1997). Induction of Th1 and Th2
CD4 T cell responses: the alternative approaches. Annu. Rev. Im-tems (Minneapolis, MN), respectively. The limits of detection were:
IFN-  125 pg/ml, IL-5  200 pg/ml, IL-10  6 U/ml, IL-4  62 pg/ munol. 15, 297–322.
ml, and IL-13  200 pg/ml. Cooper, A.M., Magram, J., Ferrante, J., and Orme, I.M. (1997). In-
terleukin 12 (IL-12) is crucial to the development of protective immu-
Intracellular Cytokine Staining nity in mice intravenously infected with mycobacterium tuberculosis.
Analyses of intracellular cytokine expression were performed on the J. Exp. Med. 186, 39–45.
same splenocyte cultures used for cytokine secretion assays as
Dalton, D.K., Pitts-Meek, S., Keshav, S., Figari, I.S., Bradley, A., and
described (Jankovic et al., 2000). In brief, after supernatants were
Stewart, T.A. (1993). Multiple defects of immune cell function in mice
collected at 72 hr, an equal volume of fresh medium was added to
with disrupted interferon- genes. Science 259, 1739–1742.
each culture. After an additional 18 or 64 hr of incubation, cells were
Decken, K., Kohler, G., Palmer-Lehmann, K., Wunderlin, A., Mattner,stimulated with PMA (1	g/ml [Sigma, St Louis, MO]) and inonomycin
F., Magram, J., Gately, M.K., and Alber, G. (1998). Interleukin-12(1 ng/ml [Sigma]) for 4 hr with addition of Brefeldin A (10 	g/ml
is essential for a protective Th1 response in mice infected with[Sigma]) during the last 2 hr. Intracellular staining was then per-
Cryptococcus neoformans. Infect. Immun. 66, 4994–5000.formed as described previously (Jankovic et al., 2000), and cell
fluorescence was measured using a FACScan (Beckton Dickinson). Dialynas, D.P., Quan, Z.S., Wall, K.A., Pierres, A., Quintans, J., Loken,
Data were analyzed using CELLQuest software. M.R., Pierres, M., and Fitch, F.W. (1983). Characterization of the
murine T cell surface molecule, designated L3T4, identified by
Acknowledgments monoclonal antibody GK1.5: similarity of L3T4 to the human Leu-
3/T4 molecule. J. Immunol. 131, 2445–2451.
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